Neandertals differ from recent and terminal Pleistocene human populations in their patterns of dental development, endostructural (internal structure) organization, and relative tissue proportions. Although significant changes in craniofacial and postcranial morphology have been found between the Middle Paleolithic and earlier Upper Paleolithic modern humans of western Eurasia and the terminal Pleistocene and Holocene inhabitants of the same region, most studies of dental maturation and structural morphology have compared Neandertals only to later Holocene humans. To assess whether earlier modern humans contrasted with later modern populations and possibly approached the Neandertal pattern, we used high-resolution microtomography to analyze the remarkably complete mixed dentition of the early Upper Paleolithic (Gravettian) child from Abrigo do Lagar Velho, Portugal, and compared it to a Neandertal sample, the late Upper Paleolithic (Magdalenian) child of La Madeleine, and a worldwide extant human sample. Some aspects of the dental maturational pattern and tooth endostructural organization of Lagar Velho 1 are absent from extant populations and the Magdalenian specimen and are currently documented only among Neandertals. Therefore, a simple Neandertal versus modern human dichotomy is inadequate to accommodate the morphostructural and developmental variation represented by Middle Paleolithic and earlier Upper Paleolithic populations. These data reinforce the complex nature of Neandertal-modern human similarities and differences, and document ongoing human evolution after the global establishment of modern human morphology. dentition | development | modern humans | Neandertal | Pleistocene T he past two decades have seen a number of studies focused on the possibility and nature of differences between the Neandertals and modern humans in the timing and patterning of dental maturation, as well as in dental tissue proportions (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . With few exceptions, these analyses have compared Neandertal dental developmental attributes to the variation among later Holocene human samples. Even though partial mixed (deciduous and permanent) dentitions exist for a number of early modern humans and Middle and Upper Paleolithic associated modern human individuals contemporaneous with or close in time to the Neandertals, many of these mixed dentitions are incomplete and analyses have relied on macroscopic radiographic assessments of relative dental development and structure (1, (12) (13) (14) . At the same time, it has become apparent that there were significant changes in craniofacial and postcranial morphology between the Middle Paleolithic and earlier Upper Paleolithic modern human populations of western Eurasia and that of the terminal Pleistocene and Holocene inhabitants of the same region (15) (16) (17) (18) .
It was with the goal of assessing whether the dental developmental patterns and microstructure of these earlier modern humans contrasted with later modern humans, and possibly approached the condition seen in the Neandertals, that we analyzed the remarkably complete dentition of the Lagar Velho 1 child (19) . Discovered in Portugal in 1998, this fossil is the >90% complete skeleton of a child (4-5 years old on the basis of dental maturation and limb bone lengths) ritually buried in a recess in the back wall of a rock shelter, at the base of an ∼3-m thick Gravettian to Solutrean stratigraphic sequence. The 14 C-dated components of the burial context concur in placing the burial ∼24.5 ka 14 C BP (∼30,000 calendar years ago), some five millennia after the replacement/assimilation of the last Neandertal populations of Iberia (20, 21) . Preserving 46 of the possible 48 teeth (from calcified germs to complete teeth), all except one upper P4 and one lower P4 (and the four yet-to-calcify M3s) (19) , the Lagar Velho 1 dentition provides a unique opportunity to assess these odontological aspects.
This analysis was carried out, not to test previous interpretations of this partial skeleton as reflecting Neandertal assimilation by early modern humans (22, 23) , but to provide insight into Late Pleistocene human developmental biology and dental evolution. More specifically, to assess the similarities/ differences displayed by the dental maturational status of Lagar Velho 1 (LaVe1) with respect to the developmental patterns reported for Neandertals and extant humans, we calculated the Bayesian probabilities that the mineralization sequences of its deciduous and permanent mandibular dentitions (Tables S1 and S2) are found within the variation represented by the extant human reference sample. These results were then compared with the analogous probabilities from the immature dental sequences of the 2.5-to 3.0-year-old Roc de Marsal 1 Neandertal (RdM1) (10) and the 3-to 4-year-old La Madeleine 4 late Upper Paleolithic child (Mad4) (24) . Additionally, as Neandertals and extant humans show quite distinct patterns of tooth internal structural (endostructural) organization (3, 6, 8, 10, (24) (25) (26) (27) (28) , we assessed the linear, surface, and volumetric proportions of the crown and root components (enamel, dentine, pulp) in five teeth of Lagar Velho 1 ( Fig. 1 and Fig. S1 ), and detailed their global and topographic enamel thickness variation and tooth-specific enamel/dentine ratio.
Results
Maturational Sequences. The results of the Bayesian analysis of the series of possible maturational sequences of Lagar Velho 1 mandibular dentition are detailed in Table 1 . As a whole, neither the deciduous nor the permanent sequences displayed by Lagar
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0914202107/DCSupplemental. Velho 1 are found within our comparative samples. Relative to the extant human sample, its three deciduous combinations are characterized by a relative maturational delay of both incisors associated with a relative advancement of the molars, notably of the lower second deciduous molar (Lm2). In fact, in our extant sample, all of the mineralization sequences with an Lm2 at the same stage as in Lagar Velho 1 have their lower incisors either in resorption or lost. In the permanent dentition, as noted by Hillson (14) , a slight discrepancy exists in Lagar Velho 1 between the degree of mineralization of the P4 and of the two molars, which are relatively advanced, and the maturational level reached by both incisors, which are relatively delayed.
For both deciduous and permanent mandibular sequences, a maturational pattern characterized by an advanced first molar stage of mineralization relative to that of the incisors has been reported for the Roc de Marsal 1 Neandertal (10). Conversely, a Bayesian analysis performed on the late Upper Paleolithic La Madeleine 4 showed that its mandibular deciduous sequence is represented in extant European populations (24) .
Dental Tissue Proportions. Comparative dental tissue proportions in Lagar Velho 1, La Madeleine 4 (no data are available for Ui1 and LM1), and the Neandertal (Neand) and the extant human (EH) samples are detailed in Table S3 (see also Methods and Tables S4 and S5 ). In Lagar Velho 1, the figures displayed by the four deciduous elements for the absolute values [enamel, crown dentine, crown pulp, and crown dentine+pulp volumes, and enamel-dentine junction (EDJ) surface area] show two tendencies. Whereas the values displayed by the deciduous lower canine (Lc) and lower second molar (Lm2) are close to, or poorly differentiated from, the extant human figures (except for the crown dentine and crown dentine+pulp volumes), those shown by both deciduous incisors, and notably the Ui1 for the crown dentine and crown dentine+pulp volumes, approach the Neandertal estimates or are intermediate. Conversely, limited to the available Li2, this is not seen in La Madeleine 4.
Moreover, whereas three of these five absolute variables (crown dentine and crown dentine+pulp volumes, and EDJ surface area) show a time-related reduction trend, from Neandertals to extant humans, through the earlier and later Upper Paleolithic specimens, the same tendency is not shown by the enamel and crown pulp volumes.
The deciduous upper central incisor (Ui1) of Lagar Velho 1 fits the Neandertal figures also for the percent of the crown volume that is dentine and pulp (Fig. 2) . For the Li2, the estimates for both Upper Paleolithic immature individuals are intermediate between the Neandertals and the extant humans. For the two other deciduous teeth, the differences for this relative parameter recorded among the individual specimens (LaVe1 and Mad4) and samples (Neand and EH) are negligible. 
Results of the Bayesian probabilistic analysis run for three deciduous (1-3) and four permanent (I-IV) possible maturational sequences assessed for the Lagar Velho 1 (LaVe1) mandibular dentition (Tables S1 and S2 ). For each deciduous and permanent sequence, a probability (P) that, given one Lagar Velho 1 specific maturational unit (a selected part of the sequence), its other developmental subset (the remaining part of the sequence) is found within a comparative reference sample representing, respectively, 45 (deciduous) and 351 (permanent) extant human sequences is theoretically calculable for 30 and 126 combinations (N theoretical combinations). For the probabilities associated with the effectively calculated combinations (N calculated combinations), the balance (in %) is given for both series of sequences. For all deciduous sequences and the first two permanent ones, no probability is calculable and, for the last two permanent sequences, all calculable probabilities are lower than 0.25. As a whole, the Lagar Velho 1 maturational pattern is not represented in the extant comparative sample.
The evidence of an endostructural organization of the two Lagar Velho 1 incisors, absolutely and relatively closer to the Neandertal pattern than to the extant human one, also persists when the Neandertal dental sample is reduced to include only the teeth affected by occlusal wear to the same degree as that displayed by Lagar Velho 1 (Engis 2 for the Ui1; La Chaise S14-3 and Roc de Marsal 1 for the Li2; Table S5 ). In this case, the Neandertal percent of the crown volume that is dentine+pulp increases from 77.4% to 78.9% for the Ui1 (vs. 75.3% in LaVe1 and a mean of 66.4% in EH) and from 71.4% to 73.3% for the Li2 (vs. 63.0% and 61.4% for LaVe1 and Mad4, respectively, and a mean of 53.2% in EH).
With the exception again of the Ui1 limited to the relative enamel thickness, both the average (AET) and relative (RET) enamel thickness values (Methods) recorded for all of Lagar Vehlo 1's teeth follow the EH estimates, systematically setting it apart from the Neandertals because of their lower values (Figs. S2 and S3). In this respect, notably for the two deciduous and permanent molars, the extant human-like pattern of enamel distribution displayed by this child's dentition is also evinced by the comparative thickness cartographies (Fig. S4) .
For all of the absolute and relative variables describing dental tissue proportions, except the EDJ surface area, the results shown by the Lagar Velho 1's lower first permanent molar (LM1) conform to those from its deciduous Lc and Lm2; they closely resemble the extant human figures. In all three cases, the potential influence of dental wear is negligible or null (Table S5) . It is noteworthy that the lower canine of Lagar Velho 1 is affected by localized enamel hypoplasia (29) (Fig. 1C and Fig.  S1C) . Accordingly, the values displayed by both Upper Paleolithic children for the percent of the crown volume that is dentine and pulp and for the relative enamel thickness (Table S3) should be further shifted closer to the extant human values.
Discussion
With respect to a "Neandertal versus extant" reference model, the comparative analysis of the developmental pattern and endostructural organization of the mixed dentition of the Gravettian child from the Abrigo do Lagar Velho provides contrasting results (Table 2 ). To some extent this is not surprising, because it reflects the modest level of knowledge that still characterizes the Middle and Upper Paleolithic odontological record. Deciduous teeth are rare for Late Pleistocene humans, and few entire sequences of the primary dentition have been detailed for their developmental status (1, 14, 24, (30) (31) (32) . Also, the only two immature dentitions reported so far for their inner structural morphology and volumetric proportions are those of La Madeleine 4 (24, 27, 28) and, now, of Lagar Velho 1.
The deciduous and permanent dental maturational sequences of Lagar Velho 1 are absent from the currently available Upper Paleolithic and extant human reference samples. Based on the same Bayesian statistical approach, an analogous result applies to the Roc de Marsal 1 Neandertal child (10), but not to the La Madeleine 4 late Upper Paleolithic child (24) . In this respect, the mixed dentitions of the Neandertal and Gravettian individuals share a relatively delayed incisor calcification and/or a relative developmental advancement of the molars, a condition rarely if ever found in recent human populations (33, 34) .
The process of relative dental mineralization is quite variable in Late Pleistocene and post-Pleistocene populations (1, 6, 30, 33, (35) (36) (37) (38) (39) ). An extensive radiographic study of immature fossil dentitions has recorded numerous similarities in relative maturational patterns of the permanent teeth between Neandertals (∼130-35 ka BP) and Upper Paleolithic specimens (∼34-11 ka BP) from Europe and southwest Asia (1, 39). Nonetheless, although both groups vary and show only minor differences with respect to the Holocene samples, a slight evolution in dental developmental patterning has been recognized through the Late Pleistocene. Also, compared to the Upper Paleolithic record, in their dental developmental patterns, Neandertals more typically evince a development of the molars relatively earlier than that of the incisors and the third premolar (1, 6, 35) .
In terms of dental tissue proportions, although affected minimally by occlusal dental wear, the endostructural organization of the relatively voluminous Lagar Velho 1 deciduous upper central incisor closely approaches the Neandertal condition, characterized by absolutely and relatively larger dentine volumes and a larger EDJ surface (3, 8, 10, (24) (25) (26) (27) (28) 40) . Conversely, whereas its deciduous lower lateral incisor has an intermediate position between Neandertals and extant humans, the remaining teeth, and notably the permanent lower first molar, fit the extant human pattern and are distinct from the Neandertals in endo- Fig. 2 . Comparative estimates of the percent of the crown volume that is dentine and pulp of four deciduous and one permanent teeth for Lagar Velho 1 (LaVe1), La Madeleine 4 (Mad4; no data are available for Ui1 and LM1), Neandertal mean (Neand), and extant human mean (EH). Data are in Table S3 . 
Schematic assessment of the degree of similarity for the endostructural organization (tissue proportions) of five investigated teeth from the Lagar Velho's mixed dentition with respect to the Neandertal and the extant human conditions (based on Table S3 ). ∼, intermediate condition; +, condition more similar to; ++, strong similarity. *Enamel volume, AET and RET (see Methods and Table S3 ). † Crown dentine volume and crown dentine+pulp volume. ‡ The percentage of the crown volume that is dentine+pulp. structural tissue organization. In the case of these latter teeth, the signal is not affected by dental wear, as noted for the incisors, or by gross enamel developmental disturbances, as seen in the deciduous lower canine.
Finally, the tooth enamel topographic distribution displayed by the Lagar Velho child unambiguously gets away from the Neandertal pattern, which is characterized by an absolutely and relatively thinner enamel deposited over a larger volume of coronal dentine (3, 8, 25, 40) .
A possible link between larger tooth size, which may require more time for development and completion, and delayed relative dental calcification rates has been hypothesized for the Neandertal anterior dentition (1, 10, 24, 41) , even if there is no agreement about the crown formation times of their incisors (2, 4, 6 ). In particular, tooth structural evidence from traditional radiology (1, 30, (42) (43) (44) (45) and microtomography and histology (3, 6, 10, 27, 28) suggests that the Neandertal relative anterior versus posterior formation stages may result from volumetric and tissue proportional differences between the anterior and posterior teeth.
Some support for this hypothesis comes from the comparison, in terms of total tooth volumes, between the four Lagar Velho 1 deciduous elements and those available in our extant reference sample displaying a comparable mineralization stage. Whereas at each tooth position Lagar Velho 1 exceeds the extant human estimates (Σ tooth volumes = 1118.4 mm 3 in LaVe1 vs. 945.2 mm neously distributed (Mad4/EH = 1.02 for Li2; 1.11 for Lc; 1.07 for Lm2; Table S3 ).
This study confirms that aspects of the Lagar Velho 1 anatomy, namely in the dentition, are unknown in extant and more recent Upper Paleolithic modern humans, and currently documented only among the Neandertals. Our results thus concur with those based on the analysis of discrete dental morphological trait variation in early Upper Paleolithic dentitions, and other morphological aspects, that they are not resolvable into a simple Neandertal versus modern human dichotomy (15-17, 46, 47) . These earlier Upper Paleolithic modern humans are not simply older versions of extant humanity.
Assessment of the full paleobiological (and by extension phylogenetic) implications of these findings requires further analysis. Yet, as highlighted here, it is likely that a significant contribution will arise from the integration of detailed dental quantitative information on mineralization stages with the threedimensional characterization of inner structural morphology and volumetric proportions, comparatively assessed on a larger sample of immature dentitions from individuals covering the last 100-200 thousand years.
Methods
To assess comparatively the Lagar Velho 1 dental maturational sequences, we considered the mandibular dentition, represented by five deciduous (Li1-Lm2) and seven permanent (LI1-LM2) elements. The degree of maturation of each tooth is based on the original descriptions (14, 29) , in combination with new estimates performed on the original specimen using the Demirjian et al. (48) scoring system for the permanent teeth, revised by Liversidge and Molleson (49) for the deciduous teeth, and modified by Bayle et al. (10) (Table S1) . By considering all possible combinations among the series of stage attributions performed by the different observers, sets of three (1) (2) (3) and four (I-IV) maturational sequences have been obtained for the deciduous and the permanent dentition, respectively (Table S2 ).
The three possible deciduous sequences displayed by Lagar Velho 1 have been compared to those assessed following the same scoring methods on a panoramic radiographic and computed tomographic (CT) -based extant human reference sample of 45 individuals (20 females and 25 males), mainly of western European origin (10, 24 , and original data). Similarly, each Lagar Velho 1 possible permanent sequence has been compared to the set of maturational combinations represented in a sample of 351 living individuals (162 females and 189 males) of African, European, and southwest Asian origins, aged 3-6 years (10, 37, 50, and original data).
The statistical analysis of each dental mineralization sequence applied the approach of Braga and Heuzé (37) using Bayes' rule of conditional probability (51, 52) , with teeth being considered as statistically dependent units and prior probabilities as uniform (10, 24) .
Dental tissue proportions in Lagar Velho 1 have been assessed on four wellpreserved deciduous teeth [the upper right central incisor (Ui1), the lower right lateral incisor (Li2), the lower right canine (Lc), and the lower right second molar (Lm2)] and one permanent tooth [the lower right first molar (LM1)] (Fig. 1) . The specimens, all isolated, have been imaged using highresolution microtomography (μCT) at the Centre de Microtomographie of the Université de Poitiers (equipment X8050-16 Viscom AG; camera 1004 × 1004). The scans were: 105 kV, 0.5 mA current, 32 integrations/projection, and a projection each 0.2°. In the case of the two lower molars, the energy was set at 110 kV and the current at 0.52 mA. The final volumes were reconstructed using DigiCT v.2.3.3 (DIGISENS) with an isotropic voxel size of 22.6 μm 3 for the three anterior teeth and of 24.2 μm 3 for the two molars. A semiautomatic segmentation with manual corrections was carried out using AMIRA v.5.2 (Mercury Computer Systems) and Artecore v.1.0 (NESPOS Society). Threshold values between segmented components were found according to the methodology of Spoor et al. (53) . Because of their good preservation and modest degree of mineralization and diagenetic change, no particular technical difficulties were encountered in segmenting the five teeth, all characterized by a rather distinct endostructural signal. Crowns were thus digitally isolated from roots (8) , and surface rendering was performed using triangulation and constrained smoothing from the volumetric data [marching cube algorithm (54) ].
Eight linear, surface, and volumetric variables describing tooth tissue proportions were digitally measured or calculated: the volume of the enamel cap (mm ); the percent of the crown volume that is dentine and pulp; the average enamel thickness (AET; mm); and the scale-free relative enamel thickness (RET) (methodological details are in ref. 8) . Notably, AET is the average straight-line distance between the EDJ and the outer enamel surface, calculated as the quotient of the enamel volume and EDJ surface area; RET is the AET scaled by the cube root of the crown dentine+pulp volume and multiplied by 100 (8, 55) . Intra-and interobserver tests for accuracy of the measures run by two observers provided differences of <5%.
The 3D topographic mapping of the site-specific enamel thickness variation (Fig. S4) was realized from the segmented enamel and crown dentine components and rendered using a chromatic scale (thickness increasing from dark blue up to red).
The results from the virtual analysis of the Lagar Velho 1 dentition are compared to the microtomographic-based evidence from a sample of 26 Neandertal teeth from the sites of Abri Suard (8, 25, 27 , and original data), Abri Bourgeois-Delaunay (3, 27) , and Roc de Marsal (10, 27, 28) in France; El Sidrón in Spain (8); Engis (8, and original data) and Spy (40) in Belgium; the late Upper Paleolithic child of La Madeleine in France (24, 27, 28) ; and to a worldwide extant human dental sample of 35 teeth (3, 8, 10, 24, 27, 28, 56 , and original data) (Tables S3-S5) . 
